Objective: To determine the value of optic disc parameters and perimetric defects in the early diagnosis of patients with primary open-angle glaucoma (POAG). Methods: Optic disc parameters and perimetry were compared among patients in the early stage of POAG, patients with suspected POAG and healthy control subjects, using Heidelberg retina tomography (HRT-II), optical coherence tomography (OCT) and a Humphrey 750i automatic field analyser, in order to determine whether these parameters could be used for early POAG diagnosis. Results: A total of 55 participants were enrolled in the study. Significant differences in the optic disc parameter and perimetry values were observed between the three groups. HRT-II parameters showed good correlation with OCT parameters. The majority of the HRT-II and OCT parameters showed a good correlation with perimetry values. Conclusions: HRT-II and OCT optic disc parameters both reflect morphological changes of the optic disc. These current findings suggest that they can both detect glaucomatous optic neuropathy earlier than a white-on-white perimetry examination. In addition, OCT can detect optic disc parameter changes that cannot be detected by HRT-II.
Introduction
Glaucoma consists of a group of irreversible blinding eye diseases that are characterized by optic nerve atrophy and visual field defects. 1 The pathological basis is the progressive loss of retinal ganglion cells and their fibres. 2 Certain types of glaucoma, such as primary open-angle glaucoma (POAG), are still not easily detected in the early stages due to their occult onset and slow progress. [2] [3] [4] [5] Therefore, early POAG diagnosis has been one of the many clinical problems associated with glaucoma. Increasing numbers of studies have revealed that optic disc morphological changes and visual field defects are important indicators of glaucoma diagnosis, 6, 7 as well as a conditional assessment tool. The use of advanced equipment makes a detailed assessment of optic disc morphological changes and visual field defects possible. The present study investigated optic disc parameters and perimetric defects in patients with early stage POAG using white-on-white (W/W) perimetry, Heidelberg retina tomography (HRT-II) and optical coherence tomography (OCT). The study also evaluated POAG disc parameters and perimetry defects and compared them with those measured in patients with suspected POAG and healthy control subjects in order to determine whether these factors could be used for early POAG diagnosis.
Patients and methods

Patients and control subjects
Consecutive patients with POAG, patients with suspected POAG and healthy control subjects were prospectively enrolled from the outpatient and inpatient departments of the Department of Ophthalmology, Qilu Hospital, Shandong University, Jinan, Shandong Province, China between November 2005 and February 2008.
Inclusion criteria for the healthy control group included the following: (I) bestcorrected visual acuity !1.0; (II) intraocular pressure (IOP) 21 mmHg (1 mmHg ¼ 0.133 kPa); (III) cup/disc (C/D) <0. 4 or C/ D asymmetry between fellow eyes <0.2; (IV) no refracting media opacity or other fundus disease, no ocular disease or systemic disease that can affect perimetry, and no family history of glaucoma; (V) no prior use of miotic or mydriatic drops, pupil diameter !2.5 mm; (VI) normal W/W perimetry.
Inclusion criteria for the patients with suspected POAG included the following: (I) C/D !0.6 or C/D asymmetry between fellow eyes !0.2 or IOP !24 mmHg and 30 mmHg on at least two occasions; (II) best-corrected visual acuity !1.0; (III) no colour blindness and refracting media opacity; (IV) no prior use of miotic or mydriatic drops, pupil diameter !2.5 mm; (V) normal W/W perimetry; (VI) a deep anterior chamber and an open chamber angle.
Inclusion criteria for the patients with early POAG were based on the criteria defined by the Society of Glaucoma of the Chinese Medical Association and included the following: 8 (I) IOP >22 mmHg on at least two occasions, multiple IOP fluctuations per day !8 mmHg; (Ii) early glaucomatous optic disc damage, such as vertical cup dilation, C/D !0.6 or C/D asymmetry between fellow eyes !0.2; (III) abnormal W/ W perimetry, or the sensitivity of at least three interfacing points decreased !5 decibels (dB), or the sensitivity of two interfacing points decreased !10 dB, or the difference of two interfacing points across the nasal horizontal meridian !10 dB; (IV) anterior chamber angle is open under gonioscope when IOP is high; (V) no colour blindness and refractive media opacity, and best-corrected visual accuracy !1.0. Patients with fundus and perimetry changes caused by other diseases were excluded; (VI) no prior use of miotic or mydriatic drops, pupil diameter !2.5 mm.
Exclusion criteria for all study participants were as follows: (I) eyes with coexisting retinal disease, optic neuropathy, uveitis, trauma and past intraocular surgery; (II) patients who underwent eye selective laser trabeculoplasty surgery within the past year; (III) patients with a history of diabetes mellitus, hypertension or other diseases that may affect the optical measurements.
Ethics approval for this investigation was obtained from the Research Ethics Committee, Department of Medical Ethics, Shandong University School of Medicine, Shandong University, Jinan, Shandong Province, China (no. ECAESDUSM 20113014). Written informed consent for all of the procedures was obtained from either the patients' carer(s) or directly from the patients or healthy control subjects.
Perimetry
All participants underwent 30-2 central field testing using the SITA standard software program version 24-2 (Carl Zeiss Meditec, Oberkochen, Germany) on a Humphrey 750i automatic visual field analyser (Carl Zeiss Meditec). The test object was size III; the duration time was 200 ms; and the background brightness was 31.5 asb (10 cd/m 2 ). Before examination, all participants adapted to the darkroom environment for 5-10 min, and they subsequently underwent testing in a natural pupil state. All refractive errors and presbyopia were corrected. One eye from each participant was randomly selected for W/W perimetry training for 3 min and received a formal examination after resting for 5 min. The mean weighting of increased value and decreased value (dB) of all sites compared with normal perimetry sensitivity was defined as the mean deviation (MD).
Heidelberg retina tomography-II
Heidelberg retina tomography measurements were made using a Heidelberg Retina Tomograph II (Heidelberg Engineering, Heidelberg, Germany). A confocal diode laser (670 nm) scanned an area of 15 Â 15 , and a depth of 0-4 mm; and 64 consecutive confocal two-dimensional images were obtained after continuously scanning at different depths. Each image was 384 Â 384 pixels and all images were integrated into three-dimensional images by the computer (HP Pavilion S5-1510cn Desktop Personal Computer; Hewlett-Packard Development Company, Beijing, China). The computer also calculated the mean value of each pixel. The disc contours were drawn by an examiner, and disc morphological parameters were calculated by the computer (HP Pavilion S5-1510cn Desktop Personal Computer; Hewlett-Packard Development Company). All disc images were analysed using Heidelberg Eye Explorer version 1.6.0 (Heidelberg Engineering). All participants underwent the examination in a natural pupil state. Disc parameters involved cup area (CA), rim area (RA), cup volume (CV), rim volume (RV), cup/disc area ratio (C/D AR), linear cup/disc ratio (C/D LR), mean cup depth (mCD), maximum cup depth (maxCD), cup shape measure (CSM), mean retinal nerve fibre layer thickness (mRNFLT) and disc area (DA).
Optical coherence tomography
All participants underwent an OCT examination using the Fast RNFL Thickness 3.4 detecting program (version 5.0) and the Fast Optic Disc scanning program (version 3.0) on a Stratus OCT TM 3000 (Carl Zeiss Meditec). All inspections were conducted by an experienced examiner (H.W.) and scanned with the same parameters. RNFLT and optic disc parameters were analysed by the OCT imaging analysis system, which can provide 12 clock hours and four quadrants of RNFL thickness, vertical integrated rim area (OCT volume), horizontal integrated rim width (OCT area), DA, CA, RA, C/D AR, cup/disc horizontal ratio (C/D HR), and cup/disc vertical ratio (C/D VR).
Statistical analyses
All statistical analyses were performed using the SPSS Õ software package, version 13.0 (SPSS Inc., Chicago, IL, USA) for Windows Õ . Optic disc parameters and perimetry indices among the three groups were compared using analysis of variance. Optic disc parameters for each study participant obtained from the HRT-II and OCT equipment were compared using a paired t-test. Correlation of optic disc parameters with W/W-MD and W/W-pattern standard deviation (W/W-PSD) was analysed with Pearson product-moment correlation coefficient. A P-value < 0.05 was considered statistically significant.
Results
A total of 55 study participants were divided into three diagnostic groups. The healthy control group consisted of 13 subjects (21 eyes), including eight male (13 eyes) and five female (eight eyes). Their mean AE SD age was 29.1 AE 8.9 years (range 16-49 years). The mean IOP of the healthy control group was 16.6 mmHg. The group of patients with suspected POAG consisted of 26 patients (51 eyes), including 12 male (23 eyes) and 14 female (28 eyes). Their mean AE SD age was 27.6 AE 8.4 years (range 16-51 years). The mean IOP of the patients with suspected POAG was 26.1 mmHg. The group of patients with clinically diagnosed early POAG consisted of 16 patients (19 eyes), including nine males (12 eyes) and seven females (seven eyes). Their mean AE SD age was 35.7 AE 14.3 years (range 17-60 years). The mean IOP of the group with early POAG was 28.8 mmHg. There were no significant differences in age and sex among the three groups.
In terms of the reliability indices for the perimetry measurements of all study participants, the fixing loss ratio was <20%, and both the false positive and the false negative rates were <15%. The healthy control group and the group of patients with suspected POAG had no glaucomatous field defects, whereas the early POAG group showed nasal-lateral ladders, paracentral scotoma, and other early glaucomatous field changes. Compared with the healthy control group, the W/W-MD of the patients with suspected POAG and the patients with early POAG increased successively, and the differences among the three groups were statistically significant (P < 0.05 for all comparisons) ( Table 1 ). The difference in the W/W-PSD between the patients with suspected POAG and the healthy control subjects was not significant. Differences in the W/ W-PSD between the patients with early POAG and the healthy control subjects or the patients with suspected POAG were significant (P < 0.05 for both comparisons) ( Table 1) .
Analysis of variance results of the HRT-II optic disc parameters between the three groups are shown in Table 1 . The majority of the differences in optic disc parameters among the three groups were statistically significant. The following optic disc parameters demonstrated no significant differences: the difference in the DA among the three groups; the difference in the RA between the healthy control subjects and the patients with suspected POAG; and the differences in the CA and maxCD between the patients with suspected POAG and the patients with early POAG.
Analysis of variance results of the OCT optic disc parameters between the three groups are shown in Table 1 . The majority of the differences in optic disc parameters among the three groups were statistically significant. The following optic disc parameters demonstrated no significant differences between the three groups: DA, temporal-RNFL (T-RNFL) and nasal-RNFL (N-RNFL).
As the following optic disc parameters -C/D AR, CA, RA, DA, RV (i.e. OCT volume) and mRNFL -were measured by both the HRT-II and OCT instruments, the results were compared using a paired t-test ( Table 2 ). All of the optic disc parameters except RA demonstrated a significant difference between the two diagnostic tests (P < 0.05 for all comparisons). There were significant correlations between the optic disc parameters measured by the HRT-II and OCT instruments (P < 0.01 for all comparisons) (Table 3) .
Any correlations between the optic disc parameters and the W/W-MD of the three groups were analysed by linear correlation and the results are shown in Table 4 . The results demonstrated that the DA and CA measured by OCT, and the DA, CA, CV and maxCD measured by HRT-II had no 
Discussion
Early glaucoma diagnosis has always been a difficult clinical problem. As the diagnostic technology has become more and more advanced, it has become possible to obtain more structural parameters. Quantitative analysis has gradually taken the place of qualitative evaluation. In recent years, the detection of optic neuropathy has become the focus of increasing interest.
This present study demonstrated that when HRT-II was used to evaluate the three study groups, only the DA values showed no significant difference among the three groups; and the difference in the RA values were not significant between the healthy control group and the patients with suspected POAG. The differences in both the CA and maxCD were not significant between the patients with suspected POAG and the patients with early POAG. The differences between all of the other optic disc parameters were significant among the three groups. The results for HRT-II in this present study were consistent with previous findings that optic disc parameters, such as disc size, cup size and depth, and rim width demonstrated great variability, and that the optic disc parameters of normal subjects overlap with those of patients with early POAG. 9 Moreover, several parameters are affected by age, refraction state and disc size. For example, mCD and maxCD of myopic eyes are larger than those of emmetropia eyes; people with larger optic discs have larger CA, C/D AR and RA. [10] [11] [12] These characteristics make distinguishing glaucomatous eyes from healthy eyes more difficult. Nevertheless, this present study demonstrated that although the patients with suspected POAG did not show typical early glaucomatous field defects, the CV, RV, C/D AR, mCD, CSM and mRNFLT of this group had changed significantly compared with the healthy control subjects, and the values were between those of the healthy control group and those of the patients with early POAG. These changes corresponded to the mean perimetry defect and were consistent with previous records. 13 These current findings on HRT-II indicated that although the patients with suspected POAG did not show typical glaucomatous field defects, glaucomatous neuropathy had already manifested in some patients.
This present study demonstrated that when OCT was used to evaluate the three study groups, there were no significant differences in DA, T-RNFL and N-RNFL. These findings were consistent with previous reports.
14 -16 All of the other optic disc parameters demonstrated significant differences between the three groups. By comparing the OCT and HRT-II optic disc parameters, OCT was able to detect significant differences in RA and CA between all three groups, but significant differences in these two parameters were not detected by HRT-II between all three groups. OCT has a better resolution than HRT-II, and it can detect optic disc parameter changes that cannot be detected by HRT-II. [17] [18] [19] This present study measured several optic disc parameters and mRNFLT in the same study participants using HRT-II and OCT in order to analyse any correlations that existed and to determine their value in the early diagnosis of POAG. The mRNFLT and RV measured by HRT-II, and the superior-RNFL thickness, inferior-RNFL thickness, vertical integrated rim area (OCT volume), horizontal integrated rim width (OCT area) and RA measured by OCT, decreased successively in the healthy control group, suspected POAG group and early POAG group. The CA, CV, C/D AR, C/D LR, mCD, maxCD and CSM measured by HRT-II and CA, C/D AR, C/D HR and C/D VR measured by OCT increased successively, and these findings were in accordance with glaucomatous optic neuropathy. The mRNFLT and the majority of the optic disc parameters measured by HRT-II and OCT demonstrated significant differences between any two of the three groups. The disc contour in the HRT-II test was drawn by an observer after the instrument automatically obtained the image; while during analysis, the optic disc contour was defined automatically by the software with a reference plane of 50 mm below the temporal outline and 4-10 below the optic disc horizontal line, and this finally provided a relative thickness. Therefore, the optic disc contour drawn by the observer directly affected other parameters. Conversely, OCT did not need a reference plane, and it measured absolute RNFL thickness directly from the section plane.
In this present study, a comparison of the optic disc parameters that were measured by HRT-II and OCT demonstrated that they were closely related. Among these parameters, C/D AR and CA had the greatest correlation with correlation coefficients of 0.725 and 0.637, respectively. In contrast, RA and mRNFLT had relatively small correlation coefficients of 0.317 and 0.315, respectively. The reason that the correlation coefficients of RA and mRNFLT were smaller than the other parameters was related to the different patterns of HRT-II and OCT in determining disc contour and different degrees to which they relied on the reference plane. These two parameters were the most affected by disc contour and the reference plane.
This present study confirmed that HRT-II and OCT demonstrated a strong correlation in RNFL thickness, although they have different operational principles and scanning methods in detecting RNFL thickness and optic disc parameters. These findings support the notion that RNFL thickness detected by HRT-II is also competent for early glaucoma diagnosis and that both HRT-II and OCT are ideal instruments in detecting RNFL thickness and optic disc parameters.
From the correlation analysis of the optic disc parameters and W/W-MD field defects for all study participants (Table 4) , among the HRT-II parameters, CSM, mRNFLT, RA, RV and mCD had the greatest correlations with the visual field defect (W/W-MD); and among the OCT parameters, horizontal integrated rim width (i.e. OCT area), RA, vertical integrated rim area (i.e. OCT volume), mRNFL and C/D VR had the greatest correlations with the visual field defect. These findings were consistent with a previous report that demonstrated that RA, RV and mRNFLT were positively correlated with MD, and RA had the greatest correlation with MD. 20 These current findings were also consistent with those of a study that showed that CA, C/D AR, RA, RV and RNFL cross-section area were significantly correlated with MD following an examination of perimetry and conduction of HRT tests on healthy people, patients with ocular hypertension, high-tension glaucoma patients and low-tension glaucoma patients. 21 Meanwhile, DA, CA, CV and maxCD measured by HRT-II and DA and CA measured by OCT were not correlated with mean field defects in this present study. These current findings were consistent with those of a study that found that RA, CA, CV and cup height variant contour were not correlated with MD. 22 Outcomes of the correlation analysis for the disc parameters and W/W-PSD (Table 4) show that CSM and C/D AR of HRT-II parameters had correlations with W/W-PSD; and horizontal integrated rim width (i.e. OCT area), mRNFL, vertical integrated rim area (i.e. OCT volume), C/D VR, C/D HR, C/D AR and RA of OCT parameters had correlations with W/W-PSD. The outcomes above have good coherence with the correlation analysis of disc parameters and W/W-MD, but they do not exhibit greater correlation, and this phenomenon has been noted previously. 23 One possible reason may be that the perimetry test has a 'learning curve', which means that sensitivity variation range for the first test may be higher than the normal value and could be a confounding factor that could affect the PSD result, whereas a single point variation of MD is less sensitive than PSD, meaning that MD is less affected.
Many studies maintain that RNFL loss is the most sensitive index of glaucomatous damage, and it manifests earlier than perimetry defects. 24, 25 Pathological examination demonstrates that high IOP and ischaemia, which can damage retinal ganglion cells and their axons, could lead to RNFL thinning and progressive atrophy. 26 RNFL loss has a strong connection with visual field damage. 27 Research has shown that 88.9% of patients with POAG and visual field defects have RNFL loss. 24 The rates of RNFL abnormalities are as follows: 80.9% in mild field defects and 100% in moderate-to-severe field defects. 28 This present study also showed that both the HRT-II and OCT instruments could detect mRNFL changes that took place earlier than field changes, and they were strongly correlated with field defects.
The rim is a ring area between the cup margin and the disc margin, and it is made of the axons from retinal ganglion cells and the fibres from colloid cells. 29 The RA is relatively constant in healthy people. 30 Glaucoma can lead to a loss of retinal ganglion cell axons and to a decrease in the number of nerve fibres, which can cause RA and RV decreases and optic cup deepening. 31 Early glaucomatous rim loss takes place primarily on the supratemporal and infratemporal rims. 32 These current results were in accordance with a previous report that demonstrated that RV was a good index for evaluating glaucoma because RV and maxCD are not affected by disc size, whereas other parameters demonstrate a linear correlation with disc size. 30 The CSM is the most unique characteristic among all HRT-II parameters. CSM index can describe cup shape and distribution, and a larger value means a steeper cup margin. CSM is a mathematical description of the cup depth distribution, and it ranges from À1 to 1. The formula for CSM is as follows:
3 , where X i is defined as the depth of any spot, X is the mean depth and n is the number of spots in the contour line. The CSM of a small and shallow cup or a mild cup is usually a negative value, whereas the CSM of a deep and steep cup is usually a positive value. This value is affected by the disc contour line and not by the reference plane. The CSM is considered to be the most sensitive parameter in glaucoma diagnosis. 33, 34 However, CSM cannot be calculated before HRT-II is put into use. Among the many HRT-II parameters, CSM is the least affected by the reference plane; therefore, it is more accurate. This present study demonstrated that the CSM had a linear correlation with field W/W-MD; and among the HRT-II parameters, CSM had the highest correlation with field W/W-MD. This current finding indicates that if a patient has a steeper cup margin (i.e. CSM is closer to 1), then they have a greater probability of exhibiting a perimetry defect and of having glaucomatous neuropathy.
In this present study, the OCT optic disc parameters demonstrated greater correlations with the perimetry defect when the correlation coefficients were considered (Table 4) . For example, the horizontal integrated rim width (OCT area) and CSM had the largest correlation coefficients among the OCT and HRT-II parameters (0.382 and À0.366, respectively). Meanwhile, C/D AR, RA, RV (i.e. OCT volume) and mRNFL, which were are detected by both OCT and HRT-II, had correlation coefficients of À0.222, 0.379, 0.365 and 0.289 in OCT and À0.216, 0.253, 0.242 and 0.253 in HRT-II, respectively. The OCT parameters demonstrated a greater correlation with the perimetry defects (W/ W-MD) than the HRT-II parameters. Therefore, these current findings suggest that OCT provides advantages over HRT-II in the early diagnosis of glaucoma, and this result was consistent with previous reports. 17, 19 In conclusion, although HRT-II and OCT have different mechanisms and scanning methods for detecting RNFLT and optic disc parameters, they can both detect RNFLT and optic disc parameter changes in early POAG and provide a reference for early POAG diagnosis. The mRNFLT and optic disc parameters produced by HRT-II were consistent with those of OCT, and many of the OCT and HRT-II parameters correlated with both W/W-MD and W/W-PSD. The two instruments emphasized different optical disc parameters. For example, OCT has a greater resolving power of 10 mm, and it can provide RNFL section images and quantitative determination in the living body through an infringement approach. As OCT determines the optic disc contour automatically by the computer, it is less affected by human factors and is superior to HRT-II in detecting exact RNFLT. HRT-II has the advantage of automatically using contour lines sketched during previous patient examinations, and the software can automatically provide subtle variations and trends of six quadrants, meaning that it is helpful in glaucoma follow-up. The combination of these two instruments can provide more information for the early diagnosis of POAG and should help to increase the diagnostic rate of glaucoma in the early stages.
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